Introduction

12
Efficient water use and optimal water supply to increase food and fodder productivity are of 13 great importance when confronted with worldwide water scarcity, climate change, growing 14 populations and increasing water demands (FAO, 2011) . In this respect, irrigation efficiency 15 which is influenced by the type of irrigation and irrigation scheduling is essential for 16 achieving higher water productivity. In particular, precision irrigation is adopting new Numerical models are increasingly adopted in water resources planning and management. bottom boundary conditions on model performance was evaluated in a first step. A systematic 26 local sensitivity analysis was then used to identify dominant hydraulic model parameters. This 27 was followed by a model calibration using inverse modeling with field data to estimate the 28 hydraulic properties. Finally, the degree of soil-water stress was calculated with different followed by a yellowish to white sandy soil, including stones and gravels, (C1 horizon, 33 to 20 70 cm). A deeper horizon is light gray sandy soil (C2 horizon, 70 to 135 cm), including more 21 stones and gravels (max 20%), but having similar hydraulic properties as the C1 horizon.
22
Maximum grass root density was found at about 6 cm and decreased from 6 to 33 cm (based 23 on field observation). The properties of the two layers are summarized in Table 1 . 
Field Monitoring System
26
The site was equipped with two weather stations (type CM10, Campbell Scientific Inc., Utah,
27
USA), one in the study field and another 100 m away from the field. Soil outside the study field. Grass yield was measured at each harvesting time (4 times in each 8 growing season) across the field (Fig. 3) .
9
At the sensor location (indicated by the star on the map in Figure 1) 
where θ s , θ r , and θ are the saturated, residual and actual volumetric water content respectively
, α is the inverse of air entry value (L -1 ), n is a pore size distribution index > 1, m=1-1/n 2 (dimensionless), S e is the effective saturation (dimensionless), and l is a pore connectivity and 3 tortuosity parameter in the hydraulic conductivity function, which is assumed to be 0.5 as an 4 average for many soils (Mualem, 1976). is specified in terms of quantify potential root water uptake and water stress, as:
where R(x) is the root distribution function (cm), T p is potential transpiration (cmh -1 ), and w (h)
4
is the water stress response function (0 ≤ w (h) ≤ 1) which prescribes the reduction in uptake calculated numerically, as:
Where Lr is the rooting depth (cm).
9
By assuming root water uptake is equal to actual transpiration, the ratio of actual to potential 10 transpiration by the root uptake was introduced as a degree of water stress, DWS, (Jarvis,
11
1989), as:
The effect of the boundary conditions and parameter uncertainty on soil-water stress was 13 evaluated using the ratio between the calculated actual water uptake/actual transpiration and and stress free conditions, this ratio should be (close to) unity (>0.90 of maximum reference 16 evapotranspiration).
17
The ratio between actual crop evapotranspiration and potential evapotranspiration was 18 introduced as a water stress factor equal to the crop yield reduction due to water shortage
19
(Doorenbos and Kassam, 1979) , given as: 
Sensitivity Analysis
10
The effect of each input factor or parameter to the model output is determined by a local 11 sensitivity analysis (SA), using a one-at-a-time (OAT) approach. We used this approach 
where p f is the perturbation factor, x j is the parameter value and Δx j is the perturbation, CAS is 
Model Evaluation and Statistical Analysis
24
The performance of models can be evaluated with a variety of statistics (Neuman and 
where O and S are observed and simulated values at time/place i, respectively.
6 C e and r 2 are considered to be satisfying when they are close to one, while RSME should be 
Irrigation Scheduling
10
The value of soil-water stress, and the number and the duration of stress periods was absolute values (close to zero).
13
The results show for all parameters a general change in sensitivity with time with the seasonal 14 changes in irrigation application and rainfall. Generally, all soil hydraulic parameters showed 15 higher sensitivity in dry periods as compared to wet periods. On the other hand, there is a are more sensitive than α, n, and K s input parameters for soil water content simulation using 2 hydrus-1D. In dry periods, there is a general negative correlation between n and α on the one 3 hand and soil-water content on the other hand, whereas a positive correlation exists between 4 K s and soil-water content (Fig. 4) . Figure 4 shows that in the first layer, the soil-water content 5 is more influenced by rainfall at 10 cm than at 30 cm (higher and lower sensitivity for 6 observation nodes 10 and 30 cm, respectively, within first layer).
7
The fact that the model predictions in the upper part of the soil profile are extremely sensitive 8 to variations in hydraulic parameters in dry periods, is of great importance to irrigation 9 management. To improve the timing of irrigation in these crucial periods, numerical soil 10 models that are used to determine irrigation requirement, need to be well parameterized for , 11 n and K s . 
Model Calibration
13
Since soil-water content prediction was insensitive to the parameters  s and  r , they were 14 fixed to the measured (initial) values (Table 1) . Similar strategies were used by (Verbist et al., 
16
The model was run inversely using time series of soil-water content with values for α, n and 
15
Large differences in model performance were obtained when using free drainage or constant 16 head conditions (Table 3) . After optimization, the r 2 for different free drainage and constant
17
head conditions and various optimization scenarios was similar, while C e and RSME were 
21
The model with a constant head (-140 cm) clearly performed better than the free drainage 22 boundary condition. The smallest differences were detected at the top node (10 cm) compared 23 to deeper nodes in constant head and free drainage conditions. The optimization approach
24
showed that the free drainage condition was unsuccessful to predict soil water content 25 sufficiently well in agreement with observations, even using different parameter estimations.
26
The two-parameter scenario requires less parameters (one parameter for each layer) to be was superior to the validation period at all observation depths (Fig. 5 , Table 3 ). The same Similar to the calibration period, soil-water content was predicted better during the rain and 9 irrigation period than in the dry period. Specifically, soil-water content was overpredicted 
Effect of Optimization Scenarios on Estimated Water Stress and
18 yield reduction
19
Using the two-parameter optimization scenario (Table 4) event in current and optimum conditions (Fig. 3) .
6
There was a significant effect of the bottom boundary condition on the calculated water stress.
7
A free drainage condition resulted in a larger number, longer duration of stress conditions 8 ( Fig. 6 and Table 4 ) and overestimated water stress due to excessive recharge to the 9 groundwater (more than 148 mm). On the other hand, a shallower imposed groundwater level
10
(-120 cm) creates less estimated water stress (Fig 6 and would be in range of 0 to 33% for different optimization scenarios (Table 4 ). In addition, two-
21
to six-parameter optimizations showed a similar value in yield reduction (16% for two and
22
13% for three-to six-parameter in calibration and 13% for two and 11% for three to six- to accurately describe soil-water content variation in the topsoil. 
Irrigation scheduling scheme
32
The simulated results further showed that, to avoid drought stress during summer, a more 1 accurate irrigation schedule would be needed in the dryer part of the field. It would be better 2 to supply water in June and July instead of a huge amount in late summer or at an 3 inappropriate time (see Figure 6 and 7). Results revealed that the actual water supply 4 exceeded crop demand but did not meet the crop requirement ( Fig. 7 and Table 5 ). Irrigation 5 volume affects soil water fluxes. In the 'no irrigation' scenario for 2012 the upward/inflow 6 fluxes from groundwater were larger than current and guided irrigation scenarios (Fig. 8) . The requirements will not be met during crop water stress.
29
The results show that the effect of groundwater level was dominant in soil-water content 1 prediction, at least under conditions similar to those in our study. This reflects the need for 
